The actA gene, which is disrupted by TnS in the acid-sensitive mutant of Rhizobium meliloti TG2-6, was cloned and sequenced. It encodes a protein of 541 amino acids with a calculated molecular mass of 57963 Da and an estimated pl of 99. The ActA protein sequence has 30% identity, and much higher similarity (69%), with the CutE protein of Zscherichia coli. Like the cut€ mutant of E. coli, TG2-6 is sensitive to copper. The reconstructed wild-type actA gene complemented the low pH-and copper-sensitive phenotype of TG2-6. Studies with an actA-lacZgene fusion showed that actA is constitutively expressed at pH 58 and 7.0. The actA gene appears to be chromosomal and is present in all seven strains of R. meliloti tested.
INTRODUCTION
Soil acidity may significantly reduce the productivity of some leguminous plants because of the acid sensitivity of their prokaryotic symbiont (Robson & Loneragan, 1970 ; Munns, 1986) . RbiTobitrm meliloti, in particular, is sensitive to low pH (Graham & Parker, 1964) , growing either very slowly, or not at all, at pH 5.6 or below (Howieson e t al., 1992; Reeve et al., 1993) . The establishment of medick pastures on mildly acidic soils in Western Australia has, until recently, been prevented by the acid sensitivity of R. meliloti (Robson & Loneragan, 1970) . This problem was largely overcome by the isolation from the southern Mediterranean region of acid-tolerant strains of R. meliloti like WSM419 and WSM540 which perform better in acidic soils than traditional inoculant strains (Howieson & Ewing, 1986; Howieson et al., 1988) . This raises an obvious question about the underlying physiological mechanisms which assist such tolerant rhizobial inoculant strains to survive and colonize acidic soil environments. Unfortunately, little is known about the effect of acidic conditions on root nodule bacteria, or the genetic systems which may be involved in allowing cells to survive or grow under acidic conditions (Glenn & Dilworth, 1991, 1 994) .
As bacterial cells sense an acidic environment, it might be
The GenBank accession number for the nucleotide sequence of the BamHI-Sall fragment containing the actA gene is L13845.
expected that some genes involved in the response to low pH are constitutively expressed; others may be inducible and serve to protect the cells in the event of even greater proton stress. A number of genes are pH-regulated in enteric bacteria (Slonczewski et al., 1987; Aliabadi et al., 1988; Bingham etal., 1990; Hassani etal., 1992; Watson e t al., 1992) . It is known that specific membrane proteins are regulated in response to low pH ; for example under acidic conditions the ompC porin protein is induced (Thomas & Booth, 1992; Leyer & Johnson, 1993) , while the ompF porin protein is repressed (Leyer & Johnson, 1993) . The acid-induction of the cad operon in Escbericbia coli has been analysed by Watson e t al. (1992) , who proposed that CadC, a membrane-spanning, DNA-binding protein, acts as an external pH sensor and switches on the cadA and cadB genes encoding lysine decarboxylase and lysinel cadaverine transport, respectively. A number of reports indicate that in root nodule bacteria, low pH switches on a variety of genes (Kannenberg & Brewin, 1989; Aarons & Graham, 1991; McKay & Djordjevic, 1993) but there is no report yet on constitutively expressed genes required for low pH tolerance.
To investigate the effects of acidic pH on Rbixobitrm, Tn5-induced acid-sensitive mutants of R. meliloti WSM419 have been isolated and characterized (Goss e t al., 1990; O'Hara e t al., 1989; Tiwari e t al., 1992 R. P. T I W A R I a n d O T H E R S 1993). One class is calcium repairable, the addition of 10 mM calcium to the culture medium allowing such mutants to grow at pH 5-5-5.6 like the wild-type, while the other class is not.
One of these acid-sensitive mutants of R. meliloti, strain TG2-6, fails to grow below pH 6.0 at 0.3 mM calcium (Goss e t al., 1990; Tiwari e t al., 1992; Reeve et al,, 1993 ), but will grow at pH 5.6 in the presence of 10 mM calcium (Reeve et a/., 1993) . It is defective in the maintenance of intracellular pH (O'Hara et al., 1989) ; as the external pH drops below 7.0, the internal pH begins to fall.
In this paper we present the DNA sequence of the a c t A gene, the predicted nature of the ActA protein, its similarity to the czltE gene of Escbericbia coli, information on its distribution in a range of bacteria and data on its expression at acidic and neutral pH.
METHODS
Bacterial strains, plasmids and media. Bacterial strains and plasmids are described in Table 1 . Strains of Rhixobitlm were grown at 28 "C in JMM minimal medium or TY (O'Hara et al., 1989) . E. coli and Agrobacterium strains were grown in LuriaBertani (LB) medium at 37 "C and 28 "C, respectively. Media were supplemented with the following concentrations of antibiotics (pg ml-l) : ampicillin (loo), gentamycin (50), kanamycin (50) or tetracycline (20).
Copper sensitivity. Late exponential phase cultures were diluted to lo6 cells m1-l. Samples of 10 pl were spotted onto TY plates with added copper concentrations ranging from 0-2 mM. Plates were incubated at 28 "C and observed for growth after 3 d.
Tn5 marker exchange.
Tn5 was re-inserted into a c t A using the gene replacement method of Selbitschka etal. (1993) . The EcoRI restriction fragment containing Tn5 was subcloned from pRT206 (Tiwari et al., 1992) into EcoRI-digested CIAP-treated pWS233 to construct pWR206. Cells of DH5a were transformed and clones were selected on LB containing gentamycin and kanamycin. The construct pWR206 was mobilized into R. meliloti WSM419 using the helper plasmid pRK2013. The transconjugants were selected on JMM minimal medium containing sucrose and kanamycin (Selbitschka e t al., 1993) . Fast-growing colonies were patched onto JMM (pH 7.0) containing kanamycin, and then onto the same medium containing tetracycline. The acid sensitivity of tetracyclinesensitive colonies was tested by patching onto JMM (pH 5.7) and confirmed by spotting lo4 cells onto JMM (pH 7.0 or 5.7) containing a range of calcium concentrations.
Isolation of revertants of TG2-6. A 5 ml starter culture of strain TG2-6 in JMM (pH 7.0) was grown for 3 d and then used to inoculate a 500 ml culture of JMM (pH 7*0), which was grown to late exponential phase. The cells were harvested (11 950g, 10 min), washed once with JMM (pH 5.7) and resuspended in JMM (pH 5-7) to give an OD,,, of approximately 0.3, and incubated at 28 "C for 1 week. Aliquots of serial dilutions were spread on JMM (pH 5.7) and incubated at 28 "C.
DNA preparation and manipulation. Plasmid DNA was extracted by the alkaline lysis technique and purified by CsC1-ethidium bromide isopycnic centrifugation (Sambrook et al., 1989) . Genomic DNA was isolated using a procedure essentially similar to that of Goss et al. (1990) except that after phenol/chloroform extraction, the aqueous phase was dialysed against TE buffer at room temperature overnight followed by five changes at 4 "C over 3 d. Construction of an actA intragenic DNA probe. A 0.43 kb M h -M l d fragment from within the a c t A gene was used as a probe in hybridization. The Mld fragment was end-filled using the Klenow fragment of DNA polymerase I and cloned into the SmaI site of pUC18 to create pRT206Mlu. This plasmid was cleaved with both EcoRI and HindIII, purified from the vector by electrophoresis on a 1 % agarose gel and transferred into a 0.4% SeaPlaque G T G agarose gel (FMC Corporation). The DNA was then recovered using GELase (Epicentre Technologies) and ethanol precipitation, resuspended and labelled with digoxigenin-1 1 -dUTP (Boehringer Mannheim) as described by the manufacturer. Southern hybridization. EcoRI-digested, genomic DNA from different strains was separated on 0.7 % agarose, denatured, blotted and UV-cross-linked onto nylon membranes (Boehringer Mannheim). Prehybridization and hybridization were performed at 42 "C; high stringency washing conditions were as described by Tiwari etal. (1992) . The chemiluminescent substrate AMPPD (Boehringer Mannheim) was used to detect the hybridized digoxigenin-labelled probe.
DNA sequencing and analysis. DNA sequencing was carried out manually by the method of Sanger e t al. (1977) , or by using an Applied Biosystems Prism Ready Reaction kit and automated DNA sequencer. The pUC/M13 forward (-47; 24mer) and reverse (22mer) primers were purchased from Promega. Custom-made oligonucleotides were chemically synthesized and purified by Bresatec Ltd. The Tn5 primer was a 25mer oligonucleotide containing the following sequence : 5' TAC GAG GTC ACA T G G AAG TCA GAT C 3'. Four other primers were designed and contained the following nucleotide sequences : 5' CTG TAC GAC GCG TAC CGC C 3' (positions 1139-1121 of the a c t A gene region sequence), 5' GGC G G T ACG CGT CGT ACA G 3' (positions 1121-1139 of the a c t A gene region sequence), 5' TCC ATT GAA CCT CCA GTC G 3' (positions 412-394 of the actA gene region sequence) and 5' CGA TTG ATT CGG TCG GCT G 3' (positions 308-326 of the a c t A gene region sequence). DNA sequences were analysed using the MacVector DNA software analysis package. Databases (GenBank and EMBL) were searched (Bilofsky & Burks, 1988 ) using programs at the University of Georgia (Devereux e t al., 1984) . RNA isolation and analysis. Exponential-phase cells of R. meliloti WSM419 (50 ml) grown in JMM containing 0.3 mM Ca2+ at p H 7 or 5.8 were harvested (11 950 g, 5 min at room temperature) and washed with an equal volume of ice-cold MEN buffer (30 mM MES, pH 7 or 5.8,5 mM EDTA, 100 mM NaC1) at the pH of growth. After resuspension with vigorous vortexing in 10 ml ice-cold MEN buffer at the appropriate pH, the resuspended cells were centrifuged at 4 "C (9680g, 5 min). RNA was extracted from the drained, pelleted cells as described by Tanabe e t al. (1992) . Samples of RNA (10 pg) were spotted and UV-cross-linked onto a nylon membrane (Boehringer Mannheim). Prehybridization, hybridization and washing conditions were performed at high stringency (Tiwari e t al., 1992) . &Galactosidase studies. The wide host range vector, pMP220, containing a promoterless lacZ was used for fusion studies (Spaink e t al., 1987) . The 3.0 kb HindIII fragment from pRT206-2 was cloned into the Hind11 site of pMP220 to create pRT206-7. The p-galactosidase assay was performed as described by Miller (1 972) and proteins were measured as described by Pesce & Strande (1973) . B-Galactosidase activity was expressed in terms of specific activity as nmol o-nitrophenol produced min-' (mg protein)-' at 28 "C. , 1990) . The latter authors named the wild-type gene disrupted by Tn5 in TG2-6 as act206 (Acid Tolerance). The name of the act206 gene has now been changed to a c t A to follow standard genetic nomenclature. TG2-6 grew as well as the wild-type at neutral or alkaline pH, but was unable to grow below pH 6.0 in a minimal medium (JMM). DNA from TG2-6 was cloned into pUCl8 to form plasmid pTG2-6S (Goss e t al., 1990) or into pBR322 to form pRT206 (Tiwari et al., 1992) . The restriction map of the 12 kb fragment containing the a c t A gene region (Tiwari et al., 1992) is shown in Fig. l(a) .
S P E
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Tn5 insertion in TG2-6 causes acid sensitivity TG2-6 contains one copy of Tn5 (Goss e t al., 1990) , but the possibility existed that the acid-sensitive phenotype of TG2-6 was due to a secondary mutation rather than the Tn5 insertion. This question was addressed in two ways. Firstly, Tn5 marker exchange (Selbitschka e t al., 1993) was used to replace the wild-type a c t A gene in WSM419 with a copy carrying Tn5. Four kanamycin-resistant colonies were obtained with the same acid-sensitive phenotype as TG2-6. All four colonies were tetracyclinesensitive, indicating that the vector had not integrated into the genome. In the second approach, cells of TG2-6 were monitored for excision of Tn5 with the corresponding restoration of acid tolerance. Three acidtolerant revertants of TG2-6 were obtained which were also kanamycin-sensitive. These data show that the insertion of Tn5 in a c t A is responsible for the acidsensitive phenotype of TG2-6. 
Screening of a WSM419 genomic library for the wildtype actA gene
Previous attempts to isolate the intact a c t A gene using complementation have been unsuccessful (Goss e t al., 1990; Tiwari et al., 1992) , suggesting that increased amounts of the product of the a c t A gene, or a neighbouring gene, may be toxic. A library representing five times the number of clones required to isolate a gene with 99.9% probability was constructed in the broad host range vector pSW213. The DNA library was mobilized actA, a gene required for acid tolerance A a n n A P l r A P P P
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detected seven clones and the other detected ten clones This clone failed to complement the defect of TG2-6. The (data not shown). This latter result confirmed that the library was over-represented for other DNA fragments and provided further evidence to the previous finding that either the a c t A gene, or an adjacent downstream gene, is lethal to E. coli. The pRT206-1 clone was restrictionmapped and a 6.2 kb BghI fragment was cloned into the BamHI site of pGEM-7Zf(+) to create pRT206-2 (Fig.  2) . Sequence data generated from this clone using M13 reverse primer revealed that this clone was cut by Satl3AI only 4 bp after the single internal EcoRI site (see Fig. 3 ) generating an incomplete gene and thus explaining why this clone did not complement the defect in TG2-6.
Reconstruction of the actA gene
The 3.8 kb EcoRI-Hind111 fragment of pRT206-2 was subcloned into pLAFR3 to generate pRT206-4 (Fig. 2) . The 0.7 kb EcoRI fragment from pTG2-6S (Goss e t al., 1990) was cloned into the EcoRI site of pRT206-4 in both possible orientations to construct the clones pRT206-6 and pRT206-6R (Fig. 2) . Complementation studies revealed that pRT206-6, but not pRT206-6R, was able to complement the acid sensitivity in JMM. The inability of pRT206-6R to complement the phenotypic defects in TG2-6 rules out the possibility that a downstream ORF in the EcoRI-Sah fragment was causing the observed complementation. These complementation studies demonstrated that the acid-sensitive phenotype of TG2-6 was caused by the disruption of the a c t A gene.
Sequencing of the actA gene region
In an attempt to deduce the function of the a c t A gene, we have sequenced the 2.5 kb $ah-BamHI region spanning 1 kb to the left and 1.5 kb to the right of the point of insertion of Tn5. The overall strategy used to sequence both DNA strands is shown in Fig. l(b) . The DNA sequence of the a c t A gene region (Fig. 3) was analysed using the MacVector programme. Analysis using the universal start codon revealed that there were two ORFs which follow the typical codon usage for R. meliloti (Cherry, 1990) . ORFl spans the region from positions 372 to 1994 and ORF2 starts at 2135 and is incomplete. Only ORFl actually spans the site of insertion of Tn5 and hence will be described as actA. We also examined the sequence for ORFs initiated with GTG or TTG. Using G T G as a start codon gives an ORF 14 codons longer than ORFl and in the same frame; for TTG initiation, there is an ORF 12 codons longer than ORFl and also in the same frame. A potential ribosome binding site (AAGGA) was located 13 bp from the ATG start codon of ORFl and another (AGGAAGG) 5 bp from the ATG start codon of ORF2. The ORFs initiated with GTG or TTG had no potential ribosome binding sites near the start codon. There is no obvious promoter sequence in front of ORFl. philicity plot of the predicted ActA protein (Fig. 4) indicates an amphipathic protein with a very hydrophobic N-terminal half and a hydrophilic C-terminal portion.
Predicted proteins from the
The data are consistent with, though do not unequivocally prove, that the ActA protein is membrane-associated.
Similarity of the actA gene region
Comparison of the DNA sequence of the a c t A gene with known sequences showed no significant homology when a ktuple value of 6 was used. However, if the ktuple value was decreased to 2, an identity of 55 % was obtained with the DNA sequence for ctltE, which is reported to encode a copper-binding protein in E. coli (Rogers e t al., 1991) . When the predicted amino acid sequence of ActA was compared with that of a range of proteins in a database it was found that the CutE protein from E. coli had a 30% identity and a 69% similarity over a 465 amino acid overlap. One sequence of 45 amino acids spanning a presumptive copper-binding region (Rogers e t al., 1991) had 53 YO identity; however, for a classical copper-binding region (His-X-X-Met-X-X-Met ; Mellano & Cooksey, 1988) the ActA sequence lacks key residues (Fig. 5) . In Salmonella gpbimzlritlm the lnt gene is homologous to the E. coli czrtE gene and has been reported to encode the lipid-metabolizing enzyme apolipoprotein N-acyl transferase (Gupta e t al., 1993) . The ctltE mutant of E. coli and the lnt mutant of S. t_ypbimurizlm both display sensitivity to an increase in copper. The acid-sensitive mutant TG2-6 did not grow in the presence of 1 mM copper in TY, whereas the parent WSM419 grew under this condition.
The clone pRT206-6, which complements the acidsensitive defect of TG2-6, also restored copper tolerance to TG2-6. The copper-sensitivity of TG2-6 raised the possibility that the inability of this mutant to grow at low pH in JMM could have been the result of an increased sensitivity to copper. Removal of copper from JMM did not restore acid tolerance to the TG2-6 mutant. As the a c t A gene showed similarity with the ctltE gene of E. coli, the possibility of cross-complementation was explored, but the clone pRT206-6 complementing R. TG2-6 did not complement the copper-sensitive defect in and probing with the MluI-MlUI probe. The RNA E. coli.
preparations we finally obtained from cells of WSM419 grown at pH 7.0 and 5.8 with 0.3 mM Ca2+ both contained
Effect of pH on expression of a d intact rRNA and hybridized with the probe, suggesting that actA is expressed at both acid and neutral pH. The effect of pH on transcription of the a c t A gene was investigated by dot blotting RNA extracted from cells
To quantify studies on expression, the plasmids grown at neutral and acidic pH onto a membrane filter pRT206-7 (the actA-lacZ fusion, Fig. 2 ) and the control 
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*P-Galactosidase activity is expressed as nmol o-nitrophenol produced min-' (mg protein)-' at 28 "C. The background P-galactosidase activity, contributed by pMP220 in WSM419 grown under similar conditions, has been subtracted. pMP220 were mobilized independently into the wild-type R. meliloti strain WSM419 and P-galactosidase activity was determined in cells grown in JMM minimal medium. There was no significant difference in the P-galactosidase activity expressed from pRT206-7 in WSM419 grown under different conditions (Table 2 ). P-Galactosidase activity was only 30% higher in cells grown at pH 5-8 compared to cells grown at 28 O C at pH 7.0. Addition of 100 pM copper at pH 7.0 also did not result in any change in P-galactosidase expression.
Distribution of the actA gene
Since strains of R. meliloti differ in their sensitivity to acidic pH, it is important to know whether actA-like genes are found only in the acid-tolerant strains, or whether they also occur in acid-sensitive strains. Genomic DNA from a range of acid-tolerant and acid-sensitive strains was therefore digested with EcoRI, the fragments separated electrophoretically and probed with the 0-43 kb MlzlI-MlzlI fragment (Fig. 1) . All seven strains of R. meliloti tested had a single EcoRI fragment hybridizing with the probe. In WSM419, WSM540, WSM232, WSM244 and CC169 the size of the hybridizing EcoRI fragment was 7 kb, whereas in Rm1021 and U45 it was only 5 kb (Fig. 6 ). These latter two strains are also differentiated from the others in that their growth rates are less responsive to increasing Ca2+ concentrations (Reeve et al., 1993) . At high stringency there was no hybridization of the probe to genomic DNA from other Rhixobizlm spp., Agrobacterizlm ttrmefaciens or E. coli (Fig.  6 ).
The localization of the actA gene
To test whether the actA gene is chromosomal or on a megaplasmid, we used derivatives of the plasmid-cured strain GMI9023 of A. tzlmefaciens containing one or the other megaplasmid from R. meliloti Rm1021. The MlzlIMlzlI probe hybridized to a 5 kb EcoRI fragment of genomic DNA from Rm1021, but not to genomic DNA from A . tzlmefaciens GMI9023 (Fig. 6 ). Genomic DNA from A. tzlmefaciens strains At125 (carrying the megaplasmid pRmeSU47b) and At128 (carrying the megaplasmid pRmeSU47a) failed to hybridize with the probe, indicating that actA is chromosomal in Rm1021.
Concluding remarks
actA is the first rhizobial gene required for an acidtolerant phenotype to be isolated and sequenced. Cells defective in this gene are unable to maintain intracellular pH and show acid-and copper-sensitive phenotypes in culture. The gene product appears likely to be membranelocated, but how it functions in pH homeostasis remains to be determined. By analogy to the CutE/Lnt protein of the enteric bacteria, it seems possible that ActA may be a membrane-bound, lipid-metabolizing protein which, if inactivated, results in the cell becoming susceptible to environmental stress.
